Background
==========

Atherosclerosis and related cardiovascular diseases have been consistently regarded as a major cause of disability and mortality, contributing to one-third of deaths worldwide yearly \[[@b1-medscimonit-22-930],[@b2-medscimonit-22-930]\]. Pathological neovascularization is a prominent feature of atherosclerotic lesions \[[@b3-medscimonit-22-930],[@b4-medscimonit-22-930]\], and angiogenesis is the predominant form of neovascularization involved in atherosclerosis \[[@b5-medscimonit-22-930]\]. The pathological mechanisms responsible for angiogenesis in atherosclerosis are related predominantly to promotion of plaque expansion, plaque vulnerability, endothelialization, intraplaque hemorrhage (IPH), and rupture \[[@b6-medscimonit-22-930]--[@b9-medscimonit-22-930]\]. Low concentrations of oxidized low-density lipoprotein (oxLDL) have been reported to promote angiogenesis in many human endothelial cells, including human coronary artery endothelial cells (HCAECs) \[[@b10-medscimonit-22-930]--[@b12-medscimonit-22-930]\], leading to plaque vulnerability and intravascular thrombosis \[[@b13-medscimonit-22-930]\]. Therefore, prevention and treatment of angiogenesis might enable development of innovative and alternative atherosclerosis therapies.

Recently, the transient receptor potential channel (TRPC) superfamily has gained great attention in normal and pathophysiological vascular function \[[@b14-medscimonit-22-930]--[@b16-medscimonit-22-930]\]. TRPCs are expressed in endothelial cells (ECs) and vascular smooth muscle cells (SMCs) and are responsible for vasomotor control. It has been well documented that TRPCs are involved in vascular tone (e.g., TRPC4, TRPV1, and TRPV4), regulation of vascular permeability (e.g., TRPC1, TRPC4, TRPC6, and TRPV1), hypoxia-induced vascular remodeling (e.g., TRPC4), angiogenesis (e.g., TRPC4 and TRPC6), endothelial cell proliferation, and apoptosis \[[@b17-medscimonit-22-930]\]. Thus, TRPC4 plays significant roles in the TRPC superfamily. Song et al. suggested that suppression of TRPC4 inhibited vascular endothelial growth factor (VEGF)-induced retinal neovascularization and concluded that suppression of TRPC4 might be an alternative therapeutic strategy for VEGF-induced retinal neovascularization \[[@b18-medscimonit-22-930]\]. However, little information is available regarding the silencing effect of TRPC4 on HCAECs.

Therefore, in the present study, we investigated the silencing effect of TRPC4 on oxLDL-induced angiogenesis in HCAECs as well as the underlying molecular mechanisms. Our study may provide new insights into the effective treatment of atherosclerosis.

Material and Methods
====================

Cell culture
------------

HCAECs were obtained from Cell Applications, Inc (USA). These cells were maintained in endothelial basal medium-2 (EBM-2; Lonza, cat. no. CC-3156) supplemented with 10% fetal bovine serum (FBS; GIBCO, Grand Island, NY, USA), 100 units/ml penicillin (GIBCO), 100 μg/ml streptomycin (GIBCO), and endothelial growth supplement (BD Biosciences). The cultures were maintained in a humidified incubator containing 5% CO~2~ at 37°C.

Transfection
------------

The siRNA targeting TRPC4 (TRPC4-siRNA) and negative control (NC)-siRNA were chemically synthesized and produced by Shanghai GenePharma Corporation (Shanghai, China). The TRPC4-siRNA or NC-siRNA was transfected into HCAECs using Lipofectamine 2000 (Invitrogen, USA) according to the manufacturer's instructions. Briefly, after culturing in 10% FBS/EBM-2 for 24 h at an appropriate concentration (about 70%), the HCAECs (1.2×10^6^ cells) were seeded in 100-mm culture dishes and transfected at the final concentration of 100 nM siRNA. After 48 h of transfection, the cells were harvested for further analysis. The efficacy of knockdown was assessed by real-time polymerase chain reaction (RT-PCR) and Western blotting.

RT-PCR
------

Expression of TRPC4 mRNA in HCAECs transfected with TRPC4-siRNA or NC-siRNA for 48 h was analyzed using RT-PCR. Total RNA was extracted from HCAECs using TRIzol reagent (Invitrogen Corp., Carlsbad, CA) according to the manufacturer's instructions. Complementary DNA (cDNA) was synthesized from each RNA sample using the Reverse Transcription System (Promega Corporation, Madison, WI, USA). RT-PCR was performed using the 7900HT Fast Real-Time System (Applied Biosystems) according to the manufacturer's instructions. The mRNA levels of TRPC4 were normalized to GAPDH gene using 2^−ΔΔCT^ method. Reactions were run in triplicate.

Cell proliferation assay
------------------------

Cell proliferation was assessed using bromodeoxyuridine (BrdU) enzyme-linked immunosorbent assay (ELISA) (Roche). Briefly, HCAECs were seeded at a density of 5×10^5^/well in 24-well plates coated with 0.01% gelatin. The cells were cultured in fully supplemented growth medium for 16 h, and then were maintained in basal medium for another 8 h. After the siRNA transfection, 5 μg/ml oxLDL (Sigma, USA) was added to the medium and incubated for 24 h. The supernatants were then harvested for detecting cell proliferation by using BrdU ELISA (R&D, USA) as previously described \[[@b19-medscimonit-22-930]\].

Cell migration assay
--------------------

Cell migration assay was performed to assess and quantify the silencing effects of TRPC4 on HCAECs migration using a Transwell Boyden Chamber (8.0-μm membrane pores, Corning Costar, Cambridge, MA, USA). After transfection with TRPC4-siRNA or NC-siRNA, 5 μg/ml oxLDL was added and incubated for 8 h. the cells were subjected to starvation in EBM-2 medium supplemented with 0.5% bovine serum albumin (BSA) but without FBS and endothelial growth supplements. After starvation for 16 h, HCAECs were seeded onto the upper chamber at a density of 2×10^4^ cells. The lower membrane was pre-coated with 1 mg/ml fibronectin (Sigma-Aldrich). After 24 h of migration at 37°C, non-migrated cells were scraped from the upper surface of the membrane with a scraper. The remaining cells were fixed with methanol, stained with crystal violet, and visualized by an inverted fluorescence microscope (Olympus IX51). The number of stained cells was counted by 10 random fields at ×200 magnification.

Scratch-wound assay
-------------------

Scratch-wound assay was performed to evaluate the migration rate of HCAECs as previously described \[[@b20-medscimonit-22-930]\]. Briefly, HCAECs transfected with TRPC4-siRNA or NC-siRNA were seeded in 6-well culture plates and incubated with oxLDL, allowing growth until conﬂuent state. Thereafter, the monolayer of HCAECs was scratched using sterile tips and washed with phosphate-buffered saline (PBS) 3 times to remove detached cells. Photographs of the wounded areas were obtained by using an Olympus microscope (Olympus, Japan). The size of the wounded areas was then quantitated using ImageJ Version 1.41o software (National Institutes of Health).

*In vitro* angiogenesis-tube formation on matrigel
--------------------------------------------------

Matrigel endothelial-like tube formation was examined after transfection with TRPC4-siRNA or NC-siRNA. Briefly, Matrigel (50 μl, BD Biosciences) was added to 96-well plates and the plates were incubated for 30 min at 37°C to allow Matrigel to gel. HCAECs were starved in basal medium (without endothelial growth supplements) for 8 h. After transfection, oxLDL was added to the medium for 24 h. Subsequently, the cells were seeded at a density of 2×10^4^ cells per well onto the Matrigel and incubated for 6 h at 37°C in a 5% CO~2~ incubator. Tube formation was analyzed by an inverted phase-contrast microscope and quantified by measuring the tube lengths in 5 randomly chosen low-power (100×) fields using ImagePro Plus (version 6.0, Media Cybernetics).

Western blotting analysis
-------------------------

After 48 h of transfection with TRPC4-siRNA or NC-siRNA, total protein was extracted from the HCAECs, and the quantity of protein was determined using the BCA assay kit (Beyotime, Shanghai, China). The protein samples were then separated on 10--12% sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis and transferred onto polyvinylidene difluoride (PVDF) membranes. The membranes were then blocked with 5% non-fat milk for 2 h at room temperature and incubated overnight at 4°C with the following antibodies: anti-TRPC4 antibody (Millipore, Bedford, MA, USA, \#AB15302), anti-nuclear factor (NF)-κB p65 antibody (Santa Cruz, SC-7151), or anti-VEGF antibody (Abcam, Cambridge, MA, USA, ab46154). The membranes were then incubated with horseradish peroxidase (HRP)-conjugated secondary antibody (Abcam, ab97023). GAPDH was used as loading control. Immunoreactive proteins were visualized using an enhanced chemiluminescence (ECL) chemiluminescent detection system (Pierce ECL Western Blotting Substrate detection system; Thermo Scientific).

Statistical analysis
--------------------

All data are expressed as the mean ± standard deviation (SD). All statistical analyses were performed using SPSS version 17.0 (Chicago, IL) software. The data were analyzed using the *t* test or ANOVA. A statistical significance was defined when *P* \< 0.05.

Results
=======

Expression of TRPC4 after transfection
--------------------------------------

To examine the role of TRPC4 in angiogenesis, TRPC4 siRNA was used to suppress the expression of TRPC4 in HCAECs. After 48 h of transfection, the influence on expression of TRPC4 was confirmed by RT-PCR and Western blotting. As indicated in [Figure 1A and 1B](#f1-medscimonit-22-930){ref-type="fig"}, both the mRNA and protein levels of TRPC4 were significantly decreased by transfection with TRPC4-siRNA compared to the control group or NC-siRNA group (*P*\<0.05). No significant differences were observed between the control group and the NC-siRNA group. The results suggested that transfection was efficient.

Silencing effect of TRPC4 on HCAECs proliferation
-------------------------------------------------

We first examined the silencing effect of TRPC4 on HCAECs proliferation. The proliferation of HCAECs was induced by oxLDL. The BrdU ELISA demonstrated that there were no significant differences between the control group and the NC-siRNA group. However, silencing of TRPC4 markedly decreased the cell proliferation (*P*\<0.05), indicating that silencing of TRPC4 may exhibit the antiangiogenic activity by inhibition of vascular endothelial cell proliferation ([Figure 2](#f2-medscimonit-22-930){ref-type="fig"}).

Silencing effect of TRPC4 on HCAECs migration
---------------------------------------------

The silencing effect of TRPC4 on HCAECs migration induced by oxLDL was next determined using the Transwell Boyden chamber assay and scratch-wound assay. As shown in [Figure 3A](#f3-medscimonit-22-930){ref-type="fig"}, the results demonstrated that the number of migrated cells was obviously reduced by silencing of TRPC4 (*P*\<0.05); however, no significant differences were found between the control group and the NC-siRNA group. We also assessed the migration rate of HCAECs transfected with TRPC4-siRNA or NC-siRNA. We found that the migration rates of HCAECs were significantly lowered by transfection with TRPC4-siRNA ([Figure 3B, 3C](#f3-medscimonit-22-930){ref-type="fig"}). The results suggested that silencing of TRPC4 may have an antiangiogenic effect by suppression of vascular endothelial cell migration.

Silencing effect of TRPC4 on tube formation
-------------------------------------------

We investigated the silencing effect of TRPC4 on tube formation using Matrigel assay. As shown in [Figure 4A, and 4B](#f4-medscimonit-22-930){ref-type="fig"}, the Matrigel assay indicated that silencing of TRPC4 significantly suppressed the tube formation compared to the control group and the NC-siRNA group (*P*\<0.05), suggesting silencing of TRPC4 may have antiangiogenic activity by inhibition of tube formation.

Silencing effect of TRPC4 on expression of VEGF and NF-κB p65
-------------------------------------------------------------

To examine the underlying molecular mechanism involved in silencing effects of TRPC4 on HCAECs, the expression levels of VEGF and NF-κB p65 were determined ([Figure 5](#f5-medscimonit-22-930){ref-type="fig"}). The Western blotting results showed that the protein levels of VEGF were significantly decreased by transfection with TRPC4-siRNA compared to the control group or NC-siRNA group, suggesting that the activation of VEGF was markedly suppressed by silencing of TRPC4. No significant differences were found in the levels of NF-κB p65 in the cytoplasm among the 3 groups. However, the levels of NF-κB p65 in the cell nucleus were significantly lower in the TRPC4-siRNA group compared to the control group or NC-siRNA group, demonstrating that silencing of TRPC4 inhibited the activation of NF-κB.

Discussion
==========

In the present study, the silencing effects of TRPC4 on oxLDL-induced *in vitro* angiogenesis were investigated, as well as the underlying molecular mechanisms involved in these effects. Our data showed that silencing of TRPC4 significantly attenuated angiogenesis induced by oxLDL in HCAECs by reducing cell proliferation, migration, and tube formation. The underlying mechanisms might be associated with modulation of the expression levels of VEGF and NF-κB p65. These results suggest that suppression of TRPC4 might be an alternative therapeutic strategy for atherosclerotic neovascularization.

TRPC proteins, as non-selective cation channels, are ubiquitously expressed throughout the cardiovascular system \[[@b21-medscimonit-22-930],[@b22-medscimonit-22-930]\]. They significantly contribute to various human physiological and pathophysiological cardiovascular diseases by the functioning of Ca^2+^/Na^+^ permeable channels and/or signaling platforms \[[@b23-medscimonit-22-930]--[@b25-medscimonit-22-930]\]. Endothelial cytosolic Ca^2+^ plays a significant role in the process of angiogenesis. Nilius et al. have confirmed the potential roles of TRP-mediated Ca^2+^ influx in the angiogenic process \[[@b26-medscimonit-22-930],[@b27-medscimonit-22-930]\]. These pathologies are directly or indirectly related to the development of atherosclerotic lesions. With the development of atherosclerotic lesion, new vessels sprouting from the adventitia neovascularize the growing plaque. Inflammatory cells could be recruited through neovascularization, leading to exacerbation of inflammatory state and acceleration of plaque growth \[[@b25-medscimonit-22-930]\], even in-stent restenosis (ISR) \[[@b28-medscimonit-22-930]\]. Plaque neovascularization is thought to contribute to the plaque instability, and ultimately results in thromboembolic complications \[[@b29-medscimonit-22-930]\]. Therefore, the functional roles of TRPCs in neovascularization have received great attention in recent years \[[@b27-medscimonit-22-930]\]. Previous studies have suggested that TRPC6 plays key roles in growth-factor-induced angiogenesis during plaque neovascularization \[[@b15-medscimonit-22-930],[@b30-medscimonit-22-930]\]. In addition to TRPC6, TRPC4 has recently been attracting increased research attention. TRPC4, an essential component of the nonselective calcium-permeable cation channel, is assumed to be activated by Gq/phospholipase C-coupled receptors and tyrosine kinases \[[@b31-medscimonit-22-930]\], and it is associated with multiple processes, including cell proliferation, endothelial permeability, vasodilation, and neurotransmitter release \[[@b17-medscimonit-22-930]\]. Song et al. confirmed that suppression of TPRC4 inhibits retinal neovascularization \[[@b18-medscimonit-22-930],[@b32-medscimonit-22-930]\]. Given the multiple functions of TPRC4, we hypothesized that TPRC4 might play a critical role in angiogenesis involved in atherosclerosis.

To investigate the functional role of TPRC4 in atheromatous angiogenesis, we first silenced the expression of TPRC4 using siRNA. The silencing effect of TPRC4 on cell proliferation, migration, and tube formation was explored. For the angiogenesis in HCAECs, we applied oxLDL, which is widely used to induce angiogenesis in multiple human endothelial cells. Our data demonstrate that silencing the expression of TPRC4 markedly reduced the cell proliferation, migration, and tube formation induced by oxLDL compared to the control group or NC group, indicating that silencing of TPRC4 could be a specific treatment to inhibit angiogenesis by reducing the number of proliferating cells. Studies have demonstrated that VEGF is required for adventitial angiogenesis and neovascularization \[[@b33-medscimonit-22-930]\]. VEGF blocking suppresses physiological and pathological angiogenesis in various diseases \[[@b33-medscimonit-22-930],[@b34-medscimonit-22-930]\]. In the present study, we found that silencing of TPRC4 significantly reduced the expression of VEGF; therefore, silencing of TPRC4 decreased the development of angiogenesis partly by reduction of VEGF. In addition, previous studies have suggested that suppression of TRPC4 inhibited activation of many signaling pathways that act downstream to VEGF to control angiogenesis, such as extracellular signal-regulated kinase (ERK), p38 mitogen-activated protein kinase (MAPK), and AKT signaling pathways \[[@b18-medscimonit-22-930]\]. The present study shows that TRPC4 inhibits the activation of NF-κB. NF-κB, an important transcription factor, is responsible for a variety of biological processes. Activation of constitutive NF-κB has been noted to mediate different biological functions, such as cell proliferation and angiogenesis \[[@b35-medscimonit-22-930]\]. Blockade of NF-κB signaling has been reported to inhibit angiogenesis by suppressing expression of VEGF in tumor cells \[[@b36-medscimonit-22-930]\]. Furthermore, inhibition of NF-κB protects against atherosclerosis \[[@b37-medscimonit-22-930]\]. Our study verifies that suppression of TRPC4 prevents angiogenesis by inhibition of NF-κB in HCAECs, perhaps by modulating VEGF expression. However, further research is needed to confirm this.

Conclusions
===========

We demonstrated that suppressing the expression of TRPC4 inhibited angiogenesis induced by oxLDL in HCAECs. Silencing of TRPC4 might be a potential treatment for angiogenesis in atherosclerotic plaque.
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![Expression of TRPC4 in HCAECs after transfection. After transfection, the expression of TRPC4 was confirmed by RT-PCR and Western blotting. (**A**) The relative mRNA levels of TRPC4 after transfection with TRPC4-siRNA or NC-siRNA; (**B**) The relative protein levels of TRPC4 after transfection with TRPC4-siRNA or NC-siRNA. TRPC4 -- transient receptor potential channel 4; siRNA -- small interfering RNA; HCAECs -- human coronary artery endothelial cells; RT-PCR -- real-time polymerase chain reaction; NC -- negative control; \* *P*\<0.05 compared to the control group or NC-siRNA group.](medscimonit-22-930-g001){#f1-medscimonit-22-930}

![Silencing effect of TRPC4 on HCAECs proliferation. After transfection, the silencing effect of TRPC4 on HCAECs proliferation induced by oxLDL was evaluated by BrdU ELISA. TRPC4 -- transient receptor potential channel 4; siRNA -- small interfering RNA; HCAECs -- human coronary artery endothelial cells; NC -- negative control; BrdU -- bromodeoxyuridine; ELISA -- enzyme-linked immunosorbent assay; \* *P*\<0.05 compared to the control group or NC-siRNA group.](medscimonit-22-930-g002){#f2-medscimonit-22-930}

![Silencing effect of TRPC4 on HCAECs migration. After transfection, the silencing effect of TRPC4 on HCAECs migration induced by oxLDL was determined using the Transwell Boyden chamber assay and scratch-wound assay. (**A**) The number of migration cells; (**B**) Image of scratch-wound assay; (**C**) Migration rate. TRPC4 -- transient receptor potential channel 4; siRNA -- small interfering RNA; HCAECs -- human coronary artery endothelial cells; NC -- negative control; \* *P*\<0.05 compared to the control group or NC-siRNA group.](medscimonit-22-930-g003){#f3-medscimonit-22-930}

![Silencing effect of TRPC4 on tube formation. After transfection, the silencing effect of TRPC4 on tube formation was determined using Matrigel assay. (**A**) Picture of *in vitro* tube formation; (**B**) Capillary-like tubes. TRPC4 -- transient receptor potential channel 4; siRNA -- small interfering RNA; NC -- negative control; \* *P*\<0.05 compared to the control group or NC-siRNA group.](medscimonit-22-930-g004){#f4-medscimonit-22-930}

![Silencing effect of TRPC4 on expression of VEGF and NF-κB p65. The expression levels of VEGF and NF-κB p65 were determined to examine the underlying molecular mechanism. TRPC4 -- transient receptor potential channel 4; siRNA -- small interfering RNA; NC -- negative control; VEGF -- vascular endothelial growth factor.](medscimonit-22-930-g005){#f5-medscimonit-22-930}
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